The application of pulse DC power supply resulted in a significant advance of plasma surface processing of materials compared to continuous DC supply. The synthesis of new materials and various surface structures formation was provided, as well as a reliable operation due to introduction of new process parameters such as pulse frequency and duty cycle and due to suppression of glow-to-arc transitions. As a result, physical and chemical processes on the material surface can be controlled by new pulse generator parameters, but their complex dependence on cathode physical properties and cathode geometry, as well as on working gas composition remained. On the other hand, time and space process efficiency is to some extent lowered compared to continuous DC plasma treatment due to periodic transition to the stationary state. In order to improve process efficiency, pulse generator parameters should be set to provide system transition to the stationary state during the pulse period.
INTRODUCTION
Introduction of pulsed direct current power supply in plasma deposition and diffusion processes provided significant advance in new materials synthesis and plasma surface engineering, as well as in control and stability of processing. Compared to continuous DC supply, the number of parameters which determine the quality of treated surface, process characteristics and operating procedure is increased. The power supply pulse frequency, duty cycle and output voltage level directly influence the properties of surface structure and quality, while the process stability and control are improved by a relatively simple arc suppression system and post relaxation time adjustment [1−3] .
In addition, the complexity of workpiece geometry and topology of the pulse generator output circuit influence the process control. A system for plasma treatment which consists of two complex geometry electrodes (anode and cathode) placed in the vacuum chamber filled with the binary gas mixture, may be considered as a gas diode with the cathode temperature, total gas pressure and gas mixture composition as the characteristic parameters. The control and the results of a reactive DC pulse plasma processing depend on the substrate surface characteristics, process parameters, system geometry and power supply characteristics [4] .
The analysis of the electrical response of processing gas discharge as a load is important in terms of the development of process control algorithm as well as for better understanding of thermo-chemical processes. The data on the thermo-chemical processes is partially included in the signal waveforms. Glow discharge in the case of unipolar DC pulse biasing includes the discharge ignition, transition to the stationary state with characteristic relaxation times for various processes and for discharge spreading over treated surface, stationary state operation and discharge breakdown [3, 4] .
After the completion of time-space transition processes which are related to system dynamic characteristics, glow discharge reaches the stationary M. Zlatanović, I. Popović, Gas discharge static characteristics in pulse regime Contemporary Materials I−2 (2010) Page 139 of 143 state determined by system static characteristics [5−8] . The gas discharge static characteristics are dominant in the case of low frequency unipolar pulse biasing at high duty cycle ratio. In this case the process efficiency is improved, but the possibility of discharge instabilities occurrences in the form of glow to arc transition is enhanced. This paper deals with the analysis of gas discharge static characteristics in the case of unipolar pulsed DC plasma surface treatment of the material in diode system configuration.
GAS DISCHARGE EQUIVALENT PARAMETERS
The measurements were performed by recording the gas diode voltage and current waveforms in grounded anode cold wall vessel configuration as shown in experimental setup presented in Fig. 1 . The working atmosphere pressure adjustment was made in the dynamic regime by balancing the hydrogen flow rate and pumping speed using corresponding control valves. The electrical signal waveforms were recorded over the range of working pressures characteristic for the active surface treatment and also at low pressure range when ion-bombardment is used for workpiece surface cleaning and for cathode heating process. The frequency of the generator unipolar DC pulses was varied in the range from 90 Hz to 20 kHz, while the duty cycle ratio was in the range from 5% to 96%. Based on the analysis of the electrical signal waveforms, the equivalent electrical circuit of the system presented in Fig. 1 was obtained. The output stage of pulse generator provided the voltage level, frequency and duty cycle tuning through the control of the switching IGBT transistor. The circuit for the interconnection of the vacuum chamber and generator output consists of current limiting resistor and power lines. The coupling circuit electrical model includes the parasitic inductance of a current limiting resistor. The gas discharge electrical model was determined based on analysis of low pressure system response when cathode voltage shape corresponds to the first order circuit response. As the vacuum chamber physically represents a capacitor with the working gas being imperfect dielectric, the gas diode was modeled by the equivalent discharge resistance and capacitance connected in parallel. [2, 4, 7] .
Since the gas diode physically represents an electrical load in the form of two electrodes placed in the vacuum chamber filled with the gas mixture at low pressure, an increase in gas molecule concentration with the increase of total gas pressure is expected. As a result, an increase in the gas diode equivalent capacitance is expected due to the increase of gas dielectric constant cased by increased concentration of atoms and molecules [9] . The discharge equivalent capacitance is not analyzed in this paper since it determines system dynamic behavior during the transition processes in the gas diode and has no direct implication on gas discharge static characteristics.
In the simple approximation, after the discharge transition to the stationary state, the electrical behavior of the gas diode can be represented by a ratio of the cathode voltage level and discharge current in the form of gas discharge static or equivalent resistance. At low pressure, after the transition of discharge to the stationary state the generator output voltage corresponds to the cathode voltage since the nominal discharge current produces negligible voltage drop over the current limiting resistor.
The diode static equivalent resistance depends on the total gas discharge pressure. In stationary regime, a decrease of the gas discharge equivalent resistance with the increase of the total gas pressure is expected. This is a consequence of amplification of the gas ionization processes which result in increased concentration of generated charge particles. The discharge current is increased due to charged particles recombination at the electrodes even at no or small increase of discharge voltage. The equivalent discharge resistance determines the electrical behavior of the gas diode as a load after the discharge transition to the stationary state.
The discharge current in stationary regime varies significantly with the variation of the total gas pressure but is also dependant on the cathode temperature and binary gas mixture composition. The gas M. Zlatanović, I. Popović, Gas discharge static characteristics in pulse regime Contemporary Materials I−2 (2010) Page 140 of 143 discharge equivalent parameters related to discharge current are also dependant on total gas pressure, gas mixture composition, cathode temperature, cathode geometry and cathode material properties. During surface treatment the initial steps of surface cleaning by the ion bombardment is performed at low discharge pressure, while the workpiece heating and its surface treatment require total pressure in the order of few milibars. Therefore, the recording of gas discharge static characteristics was performed at low and working pressure regimes.
EQUIVALENT STATIC RESISTANCE AS A FUNCTION OF PRESSURE
The discharge static resistance is defined as a ratio of the cathode voltage level and discharge current in the stationary state and is given by the relation:
In relation (1), U p and I p represent the voltage across the gas diode (negative cathode voltage) and discharge current after the gas transition to the stationary state, respectively. Fig. 2 presents the equivalent gas discharge static resistance vs. total gas pressure at low discharge pressure region. In low pressure region the gas discharge static resistance as a function of pressure may be approximated by the relation: 
The coefficients y 0 , y 1 , y 2 , p 1 i p 2 in relation (2) were calculated by incorporating the experimental data given in Fig. 2 . The analysis based on relation (2) and the experimental data from Fig. (2) show that in low pressure region the gas discharge static resistance varies in several order of magnitude. In the stationary state, the gas discharge diode as a load connected to pulse power supply may be presented as an equivalent resistance which is very sensitive to total operating pressure variation. The exact value of the equivalent resistance depends on the vacuum chamber geometry and shape of electrode shape and properties of material.
GAS DISCHARGE STATIC CHARACTERISTICS
At the given cathode voltage level the discharge current depends on operating pressure since the gas discharge static resistance is pressure dependent. Additionally, gas discharge current varies with a change of the cathode temperature for given cathode voltage. The cathode temperature was measured by K-type thermocouple mounted in the cathode and electrically insulated from the cathode potential. The current-voltage characteristics of the gas discharge diode at different cathode temperatures in stationary state are presented in Fig. 3 . The experiments were performed for the cathode temperatures from 175°C to 440°C. 
Figure 3. Current-voltage characteristics at different cathode temperatures in stationary state
As it can be seen in Fig. 3 , an increase in cathode temperature causes a decrease of discharge current at the same generator output voltage. It is possible to keep the constant discharge current during the ion bombardment heating of the cathode by smooth increase of the cathode voltage. This is important in the case of plasma nitriding process in cold wall ves-M. Zlatanović, I. Popović, Gas discharge static characteristics in pulse regime Contemporary Materials I−2 (2010) Page 141 of 143 sel configuration and is confirmed in the experiment. The gas discharge static resistance, calculated as the ratio of the cathode voltage and discharge current in stationary state, increases with the rise of cathode temperature. The dependence of the gas discharge static resistance on the cathode temperature is given in Fig.  4 at the plasma generator output voltage level was varied in the range from 420 V to 520 V. 
Figure 4. Gas discharge static resistance versus cathode temperature at different cathode voltages
It follows from the diagram presented in Fig.  4 that the gas discharge static resistance decreases with a rise of generator output voltage level. By the cathode voltage increase the energy transferred to free electrons in working gas from the external electrical field increases, so that the concentration of charge particles generated in electron-gas molecules ionization processes also increases. The same conclusion could be drawn from the diagram presented in Fig. 3 , where the gradient of current-voltage static characteristic is increasing with the generator output voltage increase, as it is the case when the cathode temperature decreases. This relation is illustrated with the equation:
Besides time-dependent transition processes related to particles interaction in the discharge, there is an occurrence of a "space"-dependent transition processes. In Fig. 5 , the dependence of gas discharge static resistance vs. generator output voltage for different cathode temperature is presented.
The analysis of data given in Fig. 5 indicated the existence of two regions in static resistancedischarge voltage curves. At the given cathode temperature, the equivalent resistance is significantly increased below certain value of the output voltage. As a consequence, the corresponding discharge current significantly decreases. These characteristic output voltage values define the voltage border line which separate the region of high static resistance. The border voltage line is shown in the diagram by a dashed curve.
For the cathode voltage below the border value, the glow discharge partially covers the cathode surface. As a consequence, there is an unhomogeneity in space distribution of the discharge over the cathode surface leading to non-homogeneous surface treatment such as non-homogeneous coating properties. A similar effect could be noticed during the plasma surface treatment at high frequency if the duration of the transition processes is comparable to the voltage pulse duration. There is a characteristic time for the discharge to spread over the cathode. If this time is lower than voltage pulse duration the entire cathode surface will be covered by the glow discharge, more homogenous surface treatment is to be expected and overall process efficiency enhanced. The voltage border line defines transition from normal to abnormal glow discharge characterized by an increase in discharge current density with increasing output voltage. The voltage border line separates the high resistance area from static regime of discharge operation which is used in surface treatment of materials. Depending on voltage pulse level and duration, the static regime of glow discharge could not be attained in some cases due to the glow spreading "space"-dependant processes. The value of negative cathode voltage at which the glow discharge covers the whole specimen surface significantly increases with the cathode temperature increase, as it can be seen from the voltage border line shown in Fig 5. As an example, at the cathode temperature equal to 440º C, the corresponding cathode voltage border value is near 460 V and discharge current reaches 5A. At lower cathode voltage levels plasma surface produced a non homogeneous surface structure due to non-homogenous temperature distribution over the workpiece surface [10, 11] .
It should be pointed out that the transition of reactive glow discharge to the equilibrium state is a two-step process which includes charge particles generation and formation of the active species responsible for thermo-chemical processes on the treated material surface [8] . The electrical signal waveforms contain the information directly related to charge particles generation. In addition, a transition from normal to abnormal glow discharge characterized by the start of completely glow covered cathode surface can be detected by the offset of static regime as analyzed in this paper. The static regime of operation provides homogeneous and efficient processes of pulse plasma surface treatment of materials.
Based on the analysis of the presented discharge static characteristics it is possible to conclude that the glow discharge spreading is directly dependent on the generator output signal pulse and pause duration defined by frequency and duty cycle ratio and by the output voltage level of the pulsed plasma generator during the pulse interval. More complex discharge electrical model should contain voltage controlled non-linear model of the discharge equivalent impedance.
The model of pulse DC discharge that qualitatively describes a decrease of the equivalent static resistance with the increase of the cathode voltage is presented in reference [12] . The results presented in this paper show that the discharge model verification should include dependence on the process and biasing parameters, as well as validation of the overall system of electrical response which confirms the importance of system electrical response analyses partially considered in this paper.
CONCLUSIONS
The stationary regime of glow discharge used in pulse plasma surface treatment was analyzed in order to improve the control and efficiency of technological processes. Besides the process parameters, the electrical response of the system depends on plasma generator output signal, system construction and workpiece geometry. In the static regime the discharge impedance can be considered as an equivalent resistance the value of which varies with different parameters. It was shown that discharge static characteristics are mostly dependent on operating pressure value. In the cold wall configuration of the vacuum chamber heating of the workpiece by ion bombardment is possible to achieve at the constant discharge current by the gradual increase of the cathode voltage level. The discharge current and consequently the efficiency of the plasma surface treatment, is also dependent on workpiece temperature and voltage level at the output of the plasma generator in the course of the pulse duration. The gas discharge static resistance, defined as a ratio of the cathode voltage and current after a glow discharge transition to the stationary state decreases with the generator output voltage increase, and the cathode temperature decrease. The static characteristics data provides the information on the cathode coverage by the glow and consequently the information on the surface treatment homogeneity and efficiency which can contribute to development of the algorithms for control of pulsed direct current plasma surface treatment.
